In response to increased shear stress, vascular endothelial cells release adenosine triphosphate (ATP) by an unknown mechanism. We have investigated this mechanism using different approaches. First, we discovered that quinacrine, used to locate intracellular stores of ATP bound to peptides, displayed a granular fluorescence, typical of vesicular storage. Second, we found that two inhibitors of vesicular transport (monensin and N-ethylmaleimide) produced a highly significant reduction in the release of ATP from vascular endothelial cells in response to increased shear stress. Preliminary experiments using inhibitors of the cystic fibrosis transmembrane regulator, the sulfonylurea receptor, and the multidrug resistance protein showed no involvement of these ATP-binding cassette transporter proteins (previously characterized in endothelial cells) in the mechanism of release of ATP. We suggest, therefore, that the release of ATP from vascular endothelial cells, like that of nerve cells, is probably by vesicular exocytosis.
Endothelial cells, in vivo, are constantly subjected to shear stress because of their location on the inside of the lumen of blood vessels and their contact with the circulating blood. Variation of the stress to endothelial cells leads to a wide range of responses including endocytosis, regulation of genes, morphologic changes, and release of vasoactive substances (1) (2) (3) .
The release of adenosine triphosphate (ATP) from endothelial cells subjected to shear stress has already been demonstrated and characterized (2, 4) . It has been shown that this release occurs from endothelial cells but not from vascular smooth muscle cells; it is transient, proportional to the amount of shear stress applied to the cells, and decreases rapidly following successive stimulations (4) . However, the molecular mechanisms associated with ATP release are unknown.
Adenosine triphosphate release from nerve terminals appears to be vesicular (5) but there is growing realization that release from some non-neuronal cells may not be by exocytosis (6) : ATP-binding cassette (ABC) proteins comprise a family of structurally related membrane proteins sharing a common intracellular motif that binds and hydrolyzes ATP (7) . Although the functions of these proteins have not yet been elucidated, many of them are involved in the transport of highly polarized substrates across biologic membranes by using ATP to energize the translocation. There is evidence that direct (8) or indirect (9) ATP export across plasma membranes is associated with the presence of such proteins.
In this paper, we investigate the mechanism by which ATP is released from vascular endothelial cells under conditions of increased shear stress. We localized intracellular stores of ATP by using quinacrine and investigated the effects of monensin, an inhibitor of the formation of vesicles at the level of the Golgi apparatus (10), the effects of N-ethylmaleimide (NEM), an inhibitor of the fusion of vesicles to plasma membranes (11) . In addition, we examine the effects of inhibitors on three ABC proteins previously identified in endothelial cells (12) (13) (14) : the cystic fibrosis transmembrane regulator (CFTR), the sulfonylurea receptor, and the multidrug resistance protein (MDR).
METHODS

Cell cultures
Umbilical cords from normal vaginal deliveries were processed and human umbilical vein endothelial cells (HUVECs) were harvested as previously described (15) . Cells from primary cultures were used at confluence (3-4 days).
Shear stress
Endothelial cells were subjected to shear stress in sixwell plates using a cone and plate apparatus designed in our laboratory (16) . Shear stresses of 10 dyn/cm 2 (∼50 rpm) or 25 dyn/cm 2 (∼120 rpm) were used throughout the study.
Pretreatment of the cells
Human umbilical vein endothelial cells were preincubated with either verapamil ( Upon collection, all samples of medium (50 l) were centrifuged (180 × g, 7 min) to remove floating cells from the medium. At the end of each experiment, cultures were examined by light microscopy to assess viability and this was quantitated by Trypan blue exclusion tests and lactate dehydrogenase assays (Sigma, procedure no. 500).
Quinacrine staining
Confluent HUVEC cultures on glass coverslips were rinsed several times in DPBS + . The cells were then incubated with quinacrine (3 mM) for 60 min at room temperature, rinsed several times in DPBS + , and mounted on microscope slides. The cultures were then immediately observed using a microscope (Zeiss Axioplan, Zeiss, Oberkochen, Germany) fitted with a digital camera (Leica DC200; Leica, Heerbrugg, Switzerland).
To examine the effects of shear stress, endothelial cells were subjected to 25 dyn/cm 2 for 60 min during the quinacrine incubation period. Inhibitor effects were investigated by simultaneous incubation with quinacrine (3 mM) and either monensin (10 −4 M) for 60 min or NEM (10 −6 M) for 15 min.
Measurement of adenosine triphosphate
The quantity of ATP released in the medium was measured by luminometry using a luciferin-luciferase assay (15) .
Statistical analysis
Concentrations of ATP were expressed as picomoles of ATP present per milliliter of medium. Results were compared by analysis of variance followed by Tukey test and were declared significantly different at p < 0.05; "n" refers to the number of umbilical cords (number of cell preparations) used. Figure 1 shows that in the absence of any shear stress imposed on the endothelial cells, the concentration of ATP in the medium was very low and stable (6.8 ± 0.8 pmol/ml). When a shear stress of 10 dyn/cm 2 was imposed on the cells, there was an immediate and significant increase in the concentration of ATP in the medium. The maximum concentration was obtained after 3 min of stress (42.3 ± 1.9 pmol/ml). The stimulation of the same endothelial cells with a shear stress of 25 dyn/cm 2 led to the release of more ATP. The highest concentration of ATP was seen after 3 min of stress (111.7 ± 21.3 pmol/ml) and gradually decreased to 11.5 ± 2.6 pmol/ml after 60 min of shear stress.
RESULTS
After incubation of HUVEC primary cultures with quinacrine for 60 min, a high level of fluorescence was seen inside all endothelial cells ( Fig. 2A ). This fluores-cence was exclusively distributed within the cytoplasmic compartment. High magnification of the cells (Fig. 2B ) shows that this fluorescence was mainly present in granular form. Under conditions of shear stress (25 dyn/cm 2 , 60 min) the intracellular levels of quinacrine fluorescence were greatly reduced (Fig. 2C ) and the fluorescent granules, still seen in some of the cells, appeared smaller than those present in the unstressed cells (Fig.  2D ). After treatment with monensin (10 −4 M, 60 min), a drug that inhibits the formation of vesicles at the level of the Golgi apparatus, no fluorescent granular staining was detected within the cells (Fig. 2E ). After treatment with NEM, (10 −6 M, 15 min), a drug that inhibits the docking of vesicles to plasma membranes, only a small loss of fluorescence was shown (Fig. 2F) .
Monensin, at a concentration of 10 −5 M, did not significantly affect the increase of ATP concentration resulting from stimulation of endothelial cells by shear stress (maximal concentration reached after 3 min of shear stress: control, 100% ± 27%; monensin-treated cultures, 78.2% ± 19%, n ‫ס‬ 5). However, at a concentration of 10 −4 M (Fig. 3) , monensin produced a significant reduction in the shear stress-induced increase of extracellular ATP concentration (concentration of ATP after 5 min of shear stress: control, 100% ± 34%; monensintreated cultures, 22% ± 6%, n ‫ס‬ 4).
The effects of NEM were investigated using concentrations of 10 −6 M and 10 −5 M. At both concentrations used, there was a significant and almost complete inhibition of the increase in ATP concentration in the extracellular medium in the cultures stimulated by shear stress. Figure 4 shows the effects of NEM at a concentration of 10 −6 M (14.8% ± 3.7% of the control maximum, n ‫ס‬ 3).
The role of extracellular Ca 2+ in shear stress-evoked ATP release was investigated. Results are presented in Figure 5 . In the absence of Ca 2+ in the bathing medium, release of ATP was statistically reduced and only reached 46% ± 9% (t ‫ס‬ 5 min) of the maximum response seen in the control.
The effects of verapamil (10 −6 , 10 −5 , 10 −4 M) were investigated on shear stress-evoked ATP release. No significant difference was found between the control and the verapamil-treated cells, at any of the concentrations tested. Figure 6A , and 10 −5 M) were also investigated. This drug did not have any significant effect on the amount of ATP released by the endothelial cells. Figure 6A and B present the results obtained with the highest concentration of glibenclamide used.
DISCUSSION
On stimulation of HUVECs by laminar shear stress, intracellular ATP is released (16) . This release is fast, proportional to the intensity of the stress, and transient and decreases rapidly, probably through both depletion of intracellular ATP stores (4) and activation of ATPases and nucleotidases located on the surface of the cells (17) . However, the mechanisms of release of ATP from endothelial cells are not known. Because of its high affinity for ATP, quinacrine, an anti-malarial acridine derivative that belongs to the quinoline-acridine class, has been widely used to locate possible intracellular stores of the purine (18, 19) . A link between quinacrine binding and neural purinergic transmission has been demonstrated in both vertebrates (20) (21) (22) and invertebrates (23) . Quinacrine labeling has also been used to localize ATP in peripheral cells such as Merkel cells (24) and epithelial cells (25) .
In HUVECs, quinacrine fluorescence appeared granular and exclusively localized in the cytoplasm. Under conditions of shear stress (25 dyn/cm 2 , 60 min), the intracellular levels of quinacrine fluorescence were greatly reduced and the fluorescent granules, still seen in some of the cells, appeared smaller than those present in the unstressed cells. After treatment with monensin, a drug that suppresses the formation of vesicles at the level of the Golgi apparatus (10) and thus inhibits vesicular release (26) , there was also a dramatic decrease in the granular quinacrine fluorescence for ATP inside the cells, being replaced by a faint diffuse intracellular fluorescence. Conversely, treatment with NEM resulted in only a small loss of fluorescence. Considering that NEM is a drug that inhibits vesicular release by acting on an NEM-sensitive factor required for the fusion of vesicles to plasma membranes (11) , the presence of fluorescence inside the cells would be expected.
Release of ATP under conditions of increased shear stress was measured in the presence of monensin. Under these experimental conditions, there was a complete inhibition of release. The effects of NEM were investigated and confirmed the results obtained previously with monensin. We are, of course, aware of the non-specificity of these two drugs and of the broad range of cellular actions of monensin as a monovalent ion-selective ionophore (10, 26) and of NEM as a potent alkylating agent (27) . However, to our knowledge, the inhibition of vesicular transport is the sole property that these drugs have in common. Moreover, because these two drugs act at two different levels by two different mechanisms, it is un- 
FIG. 5. Effects of extracellular Ca
2+ on shear stress-evoked adeonsine triphosphate (ATP) release by human umbilical vein endothelial cells (HUVECs). The release of ATP was statistically reduced in Ca 2+ -free medium, and only reached 46% ± 9% of the maximum response seen in the control. Squares indicate control; circles indicate Ca 2+ -free medium.
likely that their respective effects on the inhibition of vesicular transport were due to nonspecific effects. On the basis of the results obtained by two different approaches, it may be considered that in endothelial cells, ATP is present in the cytoplasmic vesicles known to exist in endothelial cells and is released on stimulation of the cells by increased shear stress. In the absence of extracellular Ca 2+ , however, we found that ATP release still occurs, though it is significantly reduced. It should be noted that removal of all extracellular Ca 2+ from cultures is extremely difficult because increasing numbers of cells detach from the substratum under conditions of shear stress at high concentrations of egtazic acid or in Ca 2+ -deficient medium. It is thus possible that extracel- lular Ca 2+ is still present at a concentration sufficient for vesicular release to occur. In addition, some cells may be damaged in the absence of extracellular Ca 2+ , leading to a non-specific release of intracellular ATP. Yet a further possibility is that ATP can also be released by a mechanism independent of extracellular Ca 2+ . Adenosine triphosphate-binding cassette proteins are part of a family of proteins sharing a common intracellular motif that binds and hydrolyzes ATP (7) . Furthermore, it has been shown that these proteins are able to transfer ATP itself. For instance, CFTR, a cyclic adenosine monophosphate-activated ATP-dependent Cl − channel, conducts ATP at rates that can be measured electrophysiologically (28) . P-glycoprotein or MDR is also capable of functioning as a channel transporting both Cl − and ATP out of the cell (29) . These two ABC proteins and the sulfonylurea receptor, another ABC transporter that is an ATP-sensitive K + channel, have been identified on vascular endothelial cells (12) (13) (14) . However, the role of these ABC proteins in the direct transport across membranes is still unclear, and it has been demonstrated that purified CFTR does not function as an ATP transporter (30) . Nevertheless, this does not mean that ABC proteins are unable to translocate ATP across membranes. It is conceivable that ABC proteins are part of a heterogeneous complex responsible for the movement of ATP, and the expression of a cofactor or a regulatory protein could be essential for the ATP channel activity to occur. It is already known that CFTR forms a complex with a chloride channel whereas the sulfonylurea receptor interacts with an ATP-regulated potassium channel to be able to carry out ATP (31, 32) . It is also possible that ABC proteins regulate other release mechanisms such as exocytosis (9) .
In our preliminary study, the involvement of these ABC proteins in the transport of ATP from vascular endothelial cells was investigated by incubation with glibenclamide, an inhibitor of both the sulfonylurea receptor and CFTR (33, 34) , and verapamil, an inhibitor of MDR (35) . Our results show that these inhibitors had no effect on the shear stress-induced release of ATP from HUVECs. There could be several reasons for this: e.g., the role of these ABC proteins in the direct transport of ATP across membranes is still debated and it has been shown that purified CFTR does not function as an ATP transporter (30) . However, it should be emphasized that these proteins could still participate indirectly in ATP transport as part of a heterogeneous molecular complex. Cells in culture could also change their phenotype and lose their ability to synthesize ABC proteins or the associated ATP transporters. Finally, results were obtained using HUVECs in this study and differences could exist in endothelial cells from other vascular beds or from microvascular vessels (36) .
Taken together, the results from this study suggest a vesicular release of ATP from endothelial cells under conditions of increased shear stress and suggest that CFTR, MDR, and the sulfonylurea receptor may not be involved in the transport of ATP. However, the results do not exclude the participation of these ABC proteins or other members of this family in the transport of ATP following other chemical or mechanical stimuli.
